We report a quantitative investigation on the efficiency of the steam laser cleaning process using ns and ps pulses. Well-characterized polymer particles with a diameter of 800 nm dispersed on commercial Si wafers were chosen as a modeling contaminant system. As a result of our investigation, we show for the first time the feasibility of performing efficient steam laser cleaning with ps laser pulses and compare the achieved efficiency with the one obtained for ns pulses. For ns pulses, we found a cleaning fluence threshold of 50 mJ/cm 2 that is independent of the pulse durations (2.5 ns and 8 ns) and the wavelengths (532 nm and 583 nm) used. The application of ps pulses (FWHM = 30 ps, λ = 583 nm) lowered this threshold to 20 mJ/cm 2 . Both cleaning thresholds are far below the melting thresholds for these laser parameters. Cleaning efficiencies > 90% were reached for both pulse durations.
The removal of particles from Si surfaces is a permanent problem for the electronic industry, as such initial contaminants may disturb the subsequent structuring processes. Because of the decreasing size of the structures on microelectronic chips, it is necessary to remove particles with increasingly smaller sizes. Unfortunately, conventional methods such as ultrasonics cannot provide the necessary forces to remove particles with dimensions on the nanometer scale with high efficiencies [1] . Therefore, new techniques have to be developed. One promising idea is the use of short laser pulses for particle removal, the so-called laser cleaning process [2] [3] [4] [5] [6] [7] [8] .
In the case of the steam laser cleaning process, a thin liquid film is condensed onto the substrate, and subsequently the system is irradiated with a short laser pulse. The energy absorption in the substrate leads to a fast temperature increase both in the substrate and, because of heat transport, also in the liquid film. Bubble nucleation at the solid/liquid interface and the subsequent explosive vaporization of the liquid cause the removal of contaminants.
Here we report on quantitative measurements of the efficiency of steam laser cleaning that uses ns and ps pulses with different wavelengths and pulse durations. For the determination of the efficiency, we use colloidal particles with a well-defined size as model contaminants, deposited as isolated particles on the Si surface.
Experimental details

Sample preparation
For a systematic investigation of the steam laser cleaning process, it is necessary to use particles with a well-defined geometry whose properties such as size or material can be varied in a controlled way. Since this is not possible with the irregularly shaped alumina particles commonly used, we changed to small monodisperse polystyrene (PS) spheres [9] . For the experiments reported here, we used spheres with a diameter of 800 nm; a different set of experiments [10, 11] was carried out with particle diameters ranging from 60 to 800 nm. All these different particles were prepared on the Si wafers in the same way: after rarefaction with isopropyl alcohole (IPA) the particle suspension was deposited on the wafer by a spin coating process. For samples with isolated particles to be obtained, the coagulation due to capillary forces during the drying process had to be kept to a minimum. This was achieved by high evaporation rates of the colloidal suspension and a low concentration of colloid spheres in it. In this way, we were able to prepare samples with mainly isolated spheres (> 95%, cf. Fig. 1 ) at high particle densities (the mean distance obtained from image processing was about 10 µm). Details on this procedure will be published elsewhere. 
Efficiency evaluation
The efficiency of the process was determined by the measurement of the particle concentration via light scattering. For this purpose, we used a 5-mW HeNe laser focused at the center of the cleaned region. The specular reflection of this probe laser beam was blocked and the scattered light detected by a photodiode. For the improvement of the sensitivity of the light detection system, the HeNe laser beam was chopped at a frequency of about 1 kHz by means of an acousto-optic modulator, and the detector signal was measured with a lockin amplifier phase-locked to the frequency of the chopper. The size of the region illuminated by the probe was on the order of 100 µm. This is much smaller than the cleaned area; thus it was ensured that a homogeneously irradiated region was monitored. At the same time, this size was sufficiently large to cover several hundred particles at the concentration used, ensuring a small statistical error by monitoring several hundred lift-off processes at once.
Since the prepared samples consist of mainly isolated particles that are not geometrically correlated, the scattered intensity I is essentially directly proportional to the number N of particles in the scattering area, which has been checked in a different set of experiments [11] . For that reason, we will denote the quantity (1 − I/I 0 ) as "cleaning efficiency"; the symbols I 0 and I denote the scattered intensity before and after the cleaning, respectively.
Cleaning setup
The liquid film for the steam cleaning was obtained by condensation of a burst of water/alcohol (10% IPA) vapor supplied through a nozzle above the wafer surface just before the arrival of the laser cleaning pulse to the surface [4] . By ellipsometric measurements, we determined the thickness of the liquid layer to be approximately 300 nm.
The cleaning process was carried out using two different pump laser systems providing several different pulse durations and wavelengths: An Nd:YAG laser (λ = 532 nm, FWHM = 8 ns or 2.5 ns) and a pulsed dye amplifier seeded either with a cw dye laser beam or with a synchronously pumped mode-locked dye laser [12] (λ = 583 nm, FWHM = 2.5 ns or 30 ps). The pump laser beam sizes at the sample site were about 1 mm 2 . Determination of the laser fluence is described in detail in [13, 14] .
Results
ns pulses
Results of the energy dependence of the removal efficiency of PS spheres (diameter 800 nm) by the steam cleaning process with the application of ns pulses (FWHM = 8 ns, λ = 532 nm; FWHM = 2.5 ns, λ = 532 nm; FWHM = 2.5 ns, λ = 583 nm are plotted in Fig. 2 . As has already been shown in a previous examination [10], the removal process for our samples is completely statistical, making quantitative studies feasible. Thus we included in the figure only the results obtained for a cleaning process induced by 20 consecutive shots at a fixed fluence for better illustration.
In another work [11] , we were able to show that for steam laser cleaning with laser pulses of FWHM = 8 ns and λ = 532 nm, there exists a universal cleaning threshold of about 50 mJ/cm 2 for the removal of particles with diameters of 60-800 nm. This threshold value is also found in the experiments presented here. An explanation of this identical threshold value for all three sets of laser parameters can be given from the underlying physical process responsible for the cleaning effect -the nucleation and growth of bubbles within the heated liquid. This nucleation is a direct consequence of the heat transfer from the substrate to the liquid, and thus the dynamics of bubble growth is governed by the transfer of heat into the liquid layer. Especially the penetration of the 373 K isotherm into the liquid layer limits the bubble growth velocity, as bubble growth in layers with temperatures below 373 K is impossible.
Numerical simulations [15] were applied to compute temperature profiles of the liquid layer for the pulse parameters used. A comparison of the results shows similar spatial temperature profiles for the layers adjacent to the Si surface by the time the surface reaches its maximum peak temperature, especially for the layer of liquid heated to more than 373 K. From there, one should expect the same cleaning thresholds (determined by the onset of bubble nucleation) for the different laser parameters applied in our experiments. It should be noted, however, that as soon as the wavelength decreases to the UV, there should be a different threshold, because of the small optical penetration depth in Si.
Above the cleaning threshold, we again obtain a similar behavior for all three sets of laser parameters. After a steep increase just above the threshold, cleaning efficiencies of > 90% (after 20 cleaning steps) are reached at about 75 mJ/cm 2 for the 2.5-ns pulses and at about 100 mJ/cm 2 for the 8-ns pulse. We point out that these high cleaning efficiencies are reached at energy densities that are lower by a factor of 2-3 than the melting thresholds of a bare Si surface for the given laser parameters. With respect to industrial applications where surface damage has to be avoided, this result is one of the major advantages of the steam laser cleaning process as compared with the dry laser cleaning. In dry laser cleaning, in which the thermal expansion of the substrate is responsible for the particle removal, high cleaning efficiencies with ns pulses are reached only at energy densities much closer to the melting threshold [16] .
ps pulses
When the pulse duration is decreased from ns to ps, the amount of heat energy diffusing in depth in the Si wafer during the pulse absorption lowers. In particular, the thermal diffusion lengths in Si at 583 nm for an 8-ns and a 30-ps laser pulse are 1.26 µm and 109 nm, respectively. The comparison of these lengths to the optical penetration depth in Si at 583 nm, 1.7 µm, indicates that for the ps pulses, the fluence required to bring the surface to a given peak temperature is smaller than for ns pulses.
In view of the investigation of the physical processes of steam laser cleaning, when one changes from ns to ps pulses there are two important consequences. First, the melting threshold of the bare Si surface will decrease somewhat. Second, the shorter pulse length will affect the cleaning threshold. In addition to the heat conduction inside the wafer on this threshold shift, another process becomes important: the nucleation of bubbles. High cleaning efficiencies are reached only by the heating of the substrate/liquid interface as well as a sufficiently thick liquid layer to allow bubble nucleation and growth. When applying ps pulses, several scenarios for the latter might be possible. Due to the shorter pulse length, a higher superheating of the liquid can be achieved, which leads to higher bubble growth velocities and therefore to higher cleaning efficiencies. Another possibility would be that the heating of the liquid layer takes place on a time scale longer than the ps pulse duration and the heating of the Si. This would lead only to a small reduction in the cleaning threshold.
Because of the existence of effects affecting the steam cleaning process in opposite directions when the pulse duration is reduced, we experimentally investigated the influence of pulse duration on the cleaning threshold and the behavior of the cleaning efficiency.
For a comparison between ns and ps steam laser cleaning, we plotted in Fig. 3 the cleaning efficiency as a function of laser fluence for pulses with FWHM = 30 ps and λ = 583 nm, as well as for ns pulses with FWHM = 2.5 ns and λ = 532 nm. Since we found the same cleaning threshold for' all ns, the experiments have included only those obtained at 532 nm, 2.5 ns. For the ps laser system, the energy output fluctuations are much higher pulse by pulse than those for the ns systems. These fluctuations were monitored and result in the horizontal error bars in Fig. 3 . The influence of the energy fluctuations in the ns regime was negligible (≤ 5%) and thus is not included as error bars.
As for ns pulses, we found a sharp cleaning threshold for the ps steam laser cleaning; it is, however, much lower: about 20 mJ/cm 2 (FWHM = 30 ps, λ = 583 nm). The numerical simulations reveal for this fluence similar peak surface temperatures of the Si as for the ns cleaning threshold. This decrease in the threshold value is expected from the scenario of energy absorption and heat diffusion in the substrate described above.
Of importance with respect to applications is also the regime where efficient cleaning takes place, i.e, the fluence interval where cleaning efficiency exceeds, e.g., 90%. This is found at fluences of > 750 mJ/cm 2 for both pulse durations. For semiconductors, the melting threshold can be determined experimentally by means of real-time reflectivity measurements with ps resolution [17] , because of the high reflectivity of the liquid phase. The threshold value for the onset of melting of the clean Si wafer was found to be approximately 220 mJ/cm 2 ; this is in good agreement with our numerical simulations and is the value already determined for FWHM = 20 ps, λ = 532 nm [18] .
Efficient cleaning takes place at energy densities below the melting threshold by a factor of 3, as is the case for ns pulses. This is sufficient for safe application of the process. Comparing the ratios of melting threshold to cleaning threshold, we obtained a value of 5 for the ns pulses but a factor of 11 for the ps regime.
The decrease of the cleaning threshold and the fact that with the application of ps pulses, efficient particle removal can be achieved, may indicate that still the time scale of substrate heating is not too short to allow enough heat diffusion into the liquid. On the other hand, the ratio of melting threshold to efficient cleaning threshold remained nearly constant in our experiments. This could be taken as support for the assumption that much shorter pulses would not result in an increase in efficiency of the process. However, in order to further investigate this and to reveal the role of superheating, time-resolved experiments on bubble nucleation upon ps-pulse laser irradiation must be performed.
Conclusion
We have demonstrated the feasibility of steam laser cleaning with ps pulses for the first time and have been able to quantitatively compare the cleaning efficiency to that achieved with ns pulse experiments. The latter reveals a cleaning threshold of 50 mJ/cm 2 , and no significant influence of pulse duration (2.5 and 8 ns) or wavelength (532 and 583 nm) was found. For ps cleaning pulses, we obtained a cleaning threshold of 20 mJ/cm 2 (30 ps, 583 nm). Cleaning efficiencies of more than 90% are reached for both ns and ps pulses at fluences about a factor of 3 lower than the melting threshold of the substrate, which has been determined to be 220 mJ/cm 2 for the case of ps pulses. Thus for industrial applications concerning the suppression of substrate damage, both ns and ps steam laser cleaning seem to be promising when compared to traditional methods.
